We report an extensive study of the properties of carbyne using first-principles calculations. We investigate carbyne's mechanical response to tension, bending, and torsion deformations. Under tension, carbyne is about twice as stiff as the stiffest known materials and has an unrivaled specific strength of up to 7.5×10 7 N•m/kg, requiring a force of ~10 nN to break a single atomic chain. Carbyne has a fairly large room-temperature persistence length of about 14 nm. Surprisingly, the torsional stiffness of carbyne can be zero but can be 'switched on' by appropriate functional groups at the ends. We reconstruct the equivalent continuum-elasticity representation, providing the full set of elastic moduli for carbyne, showing its extreme mechanical performance (e.g. a Young's modulus of 32.7 TPa with an effective mechanical thickness of 0.772 Å). We also find an interesting coupling between strain and band gap of carbyne, which is strongly increased under tension, from 3.2 to 4.4 eV under a 10% strain. Finally, we study the performance of carbyne as a nanoscale electrical cable, and estimate its chemical stability against self-aggregation, finding an activation barrier of 0.6 eV for the carbyne-carbyne cross-linking reaction and an equilibrium cross-link density for two parallel carbyne chains of 1 cross-link per 17 C atoms (2.2 nm).
Introduction
Carbon exists in the form of many allotropes: zero-dimensional sp 2 fullerenes, 1 the two-dimensional sp 2 honeycomb lattice of graphene 2 (parent to graphite and carbon nanotubes), or three-dimensional sp 3 crystals-diamond and lonsdaleite. Each allotrope has notably different electronic and mechanical properties. For instance, graphene has the characteristic semimetal electronic structure with a linear band dispersion 3 and an extraordinarily high electron mobility. 4 In contrast, diamond is a wide-band-gap insulator and one of the hardest natural materials known.
Carbon can also exist in the form of carbyne, an infinite chain of sp-hybridized carbon atoms. It has been theoretically predicted that carbyne may be stable at high temperatures ( 3000 K). 5 Indications of naturally-formed carbyne were observed in such environments as shock-compressed graphite, interstellar dust, and meteorites. [6] [7] [8] The carbyne-ring structure is the ground state for small (up to about 20 atoms) carbon clusters. 9 Experimentally, many different methods of fabrication of finite-length carbon chains have been demonstrated, including gas-phase deposition, epitaxial growth, electrochemical synthesis, or 'pulling' the atomic chains from graphene or carbon nanotubes. [10] [11] [12] [13] [14] [15] [16] [17] Recently, chains with length of up to 44 atoms have been chemically synthesized in solution. 18 Many interesting physical applications of carbynes have been proposed theoretically, including nanoelectronic/spintronic devices, [19] [20] [21] [22] [23] and hydrogen storage. 24 Moreover, very recently, such complex molecular mechanisms as rotaxanes based on carbyne chains have been synthesized. 25, 26 All of these advances make the understanding of mechanical behavior of carbyne more and more important. 27 Albeit there exists a considerable body of literature on the structure 28, 29 and mechanics [30] [31] [32] [33] of carbyne, it is very scattered and has thus failed so far to provide a well-rounded perspective. Here we address this shortage and put forward a coherent picture of carbyne mechanics and its interplay with chemical and electronic phenomena.
Results and discussion
We begin by discussing the structure of carbyne. One textbook structure of one-dimensional chain of C atoms is the cumulene (=C=C=), known to undergo a Peierls transition 34 into the polyyne (-C C-) form. Our calculations confirm this instability, showing an energy difference of 2 meV per atom in favor of the polyyne structure. The calculated cohesive energy of polyyne is Ec = 6.99 eV per atom. Carbyne under tension: the strongest nanowire. The most basic mechanical property of the carbyne chain is its tensile stiffness, defined as
where a is the unit cell length (2.565 Å), E is the strain energy per two C atoms, and ɛ is the strain. Fitting 1 to the data with a fourth-order polynomial ( Fig. 1 (a) ) yields a tensile stiffness of C = 95.56 eV/Å. A more informative measure from the engineering standpoint is the specific stiffness of the material, which for carbyne works out to be ~10 9 N•m/kg. This is a more than twofold improvement over the two stiffest known materials-carbon nanotubes and graphene (4.5×10 8 N•m/kg [35] [36] [37] )-and almost threefold, over diamond (3.5×10 8 N•m/kg 38 ).
Another important metric of engineering materials is their specific strength. The tensile strength is generally difficult to predict theoretically, therefore we approach the problem from two complimentary perspectives. One method to evaluate the ideal strength of carbyne is to compute the phonon instability point-the strain at which imaginary frequencies appear in the phonon spectrum. 36 We found that in carbyne, this event occurs at a critical strain of 18-19%, at a pulling force of 11.66 nN. Another approach is to treat fracture as an activated bond rupture process and compute its activation barrier Ea(ε) as a function of strain. 39 The computed Ea(ε) dependence shows the expected decrease with tension, and at a strain of ~9% (9.3 nN) it reaches a characteristic magnitude of 1 eV for which transition state theory predicts an expected lifetime on the order of ~1 day. Thus the estimated breaking force of a carbyne chain is 9.3-11.7 nN (this is >100× the previous literature report of 0.9 nN, 32 Fig. 1 (b, c) shows the electronic densities of carbyne in free-standing state and at a 10% strain. While in the first case (b), the BLA is barely noticeable in the plot, the second (c) shows very clear distinction between the 'single' and 'triple' bonds. The BLA magnitude is increased from 0.07 Å in free carbyne to 0.20 Å when ( Fig. 1 (d) ). Naturally, this change in the BLA has big ramifications for the electronic properties of carbyne. Fig. 1 (e) shows the variation of the band gap with strain computed using the local density approximation and with a quasiparticle energy correction (G0W0). 43 The LDA band gap width increases from 0.6 eV at 0% to ~1.6 eV at a 10% strain. The GW correction to the band gap is about 2.6-2.8 eV, essentially independent of the strain. Large correction magnitudes are typical for low-dimensionality systems with their weak Coulomb screening, and in carbyne it is especially pronounced (compare to 1 eV in carbon nanotubes 44 and 2 eV in graphene nanoribbons 45 ). Thus, the total band gap changes from 3.2 to 4.4 eV (38%) upon straining carbyne by 10%, showing carbyne's great prospects for opto-/electromechanical applications. (An independent study reporting the same effects 46 came out while the present manuscript was in preparation.) The nature of this effect and its unusual consequences are explored more deeply elsewhere. 23 Bending stiffness: nanorod or nanorope? Given the extreme tensile stiffness of carbyne, it is interesting to investigate how this material performs under bending deformations. The bending stiffness is defined as (2) where a is again the unit cell and q is the curvature. To calculate the bending energy of carbyne, we use the model of carbon rings because of their advantage of having a constant uniform curvature defined by their radius, q = 1/R (Fig. 2, a) . The BLA pattern is retained in the rings having an even number of atoms, as seen from the electronic density distribution in Fig. 2 (a) . Additional care must be taken with carbyne rings since the Jahn-Teller distortion (the counterpart of Peierls instability in non-linear molecules) is different in the C4N and C4N+2 families of rings. [47] [48] [49] The C4N+2 rings undergo a second-order distortion which produces little/no BLA at small N. Because of this, the bending stiffness in the two families differs for small rings, but as N increases (q 0), the difference gradually disappears, and the stiffness of both families approaches the common limit of infinite straight carbyne, which the extrapolation of our results places at K = 3.56 eV·Å. A similar extrapolation of the ring energies disagrees with an explicit periodic infinite-chain calculation by only about 0.3 meV/atom, showing the robustness of our procedure.
Persistence length. In order to determine whether this value of K is large or small, we can further characterize the bending stiffness of carbyne using the concept of persistence length familiar from polymer physics. It is defined as lp = K/kBT, where kB is the Boltzmann constant and T is the temperature. Using our value of K, the persistence length of carbyne at 300 K is roughly lp = 14 nm, or about 110 C atoms. This can be compared to the persistence length of various important polymers, as presented in Table 1 . As we see, carbyne is relatively stiff for a polymer and comparable to narrowest graphene nanoribbons, and it is about times as stiff as a dsDNA rod (mind the 2-nm diameter of the latter). 
where is the torsion angle. Looking at the electron density distribution along the atomic chain (Fig. 3, a) , one immediately recognizes a problem with this definition. Because of the cylindrical symmetry of the density-and, consequently, all relevant physical observables-it is impossible to define , and thus H has to be zero. However, we can solve this problem by attaching functional group 'handles' at the chain ends to break the cylindrical symmetry (Fig. 3, b and c) . Further, depending on the character of the passivation-sp 3 or sp 2 -one should expect different effects on the torsional stiffness. 30 We considered different functional groups, including methyl (CH3), phenyl (C6H5), and hydroxyl (OH) as sp 3 radicals, and amine (NH2, planar) and methylene (CH2) groups from the sp 2 family. With methyl and hydroxyl, we find that the single C-R bond at the end interfaces so smoothly with the single-triple bond system of carbyne as to result in a completely free unhindered rotation. Moreover, phenyl handles also rotated freely, suggesting a single bond between the carbyne and the aromatic ring. Only the =CH2 (and, weakly, NH2) termination shows a detectable torsional stiffness.
Before we present the numerical results, an interesting question to consider is how this stiffness could emerge at the electronic-structure level. Consider the behavior of band gap as a function of the torsional angle. As the torsional angle increases, the band gap shrinks and completely closes at 90°, as shown in Fig. 3 (d) . From the molecular orbitals perspective, at 0°, the planar geometry can sustain two fully orthogonal p-bands formed by py and pz orbitals, respectively,-the HOMO and LUMO of the molecule (D2h symmetry). However, when the handles are at 90° (D2d), the two orbitals become completely equivalent by symmetry and, hence, degenerate. As a result, the energy of the system is increased- Fig. 3 (e) Both predictionsand a constant torsional stiffness H-are confirmed by our DFT calculations, as shown in Fig. 3 (f) and (g) , respectively. With the =CH2 termination, the maximum stiffness value we observe is H 10.3 eV·Å/rad 2 . This figure is about half the torsional stiffness of dsDNA, 55 which is truly remarkable given carbyne's one-atom thickness.
Two more interesting aspects of carbyne's behavior as a torsional spring deserve to be highlighted. First, upon passing 90° twist, the energy evolution is reversed, and the differential stiffness becomes formally negative. This behavior is quite intriguing, since for a normal beam, the energy would increase monotonously during twisting, whereas for this 1-D carbon chain, the torsional energy exhibits a periodic behavior. Second, as is typical for such situations, the frontier orbital degeneracy at 90° can be lifted via spin unpairing. Indeed, our calculations show that at near-90° angles, the spin-triplet state is energetically more favorable 30 and, in fact, becomes the local energy minimum (Fig. 3 (e) ). A separate torsional stiffness can be defined for this minimum, HT = 8.6 and 3.7 eV·Å/rad 2 for N = 18 and 66 carbyne chains, respectively.
Equivalent continuum-mechanics model. To gain further insight and appreciation of the mechanical properties of carbyne, we need to establish the link between the computed atomistic properties and the concepts of continuum elasticity such as the Young's modulus Y, the bending stiffness K, the shear modulus G. The fully assembled system of equations looks, where all the atomistic quantities (Eqs. 1-3) are assembled on the left and their counterparts from continuum mechanics, on the right.
From Eqs. (4) and (5), we can estimate the effective mechanical radius and the Young's modulus of carbyne: r = 0.386 Å and Y = 32.71 TPa. Knowing the radius, we are now able to compute the shear modulus from (6): G = 11.8 TPa, and thus the effective Poisson's ratio n = Y/(2G) -1, n = 0.386. Comparing with the hardest natural materials diamond and graphene (Ydiamond = 1.22 TPa, Ygraphene= 1 TPa, Gdiamond= 0.5 TPa), we see that carbyne, outperforms them by a factor of about 30 (owing in part to its extremely small mechanical radius). For convenience, the elastic parameters of carbyne are summarized in Table 2 . Carbyne as a conducting cable. To investigate the characteristics of carbyne as a conductor, we computed the distribution of electrical current density using the standard real-space nonequilibrium Green's function approach. It gives an explicit form of current density at a given point in space: 57
where are the atomic basis functions (2s and 2p), ( ) is the matrix correlation function related to the electron density by integration over the energy, and the gradient part corresponds to the probability flux. In addition to integrating the transmission coefficients over the energy range between the two Fermi levels, the total current can also be retrieved by integrating the current density over an arbitrary cross-section of the carbon chain. Fig. 4 (a) shows the calculated current density distribution of a carbon chain. The distribution is axially-symmetric with negligible magnitudes on the axis and a bulge at about r = 1 Å. This reflects the fact that the bonds are localized between atoms and form the skeleton of carbon structures, while the delocalized bonds normal to the axis support the electronic conductance. By the Biot-Savart-Laplace law, the induced magnetic field can also be determined. As shown in Fig. 4 (b) , it exhibits a similar 'tubular' distribution pattern.
Similarly to the previous section, it is instructive to estimate what would be the equivalent of carbyne in classical conductors. We may define the effective radius reff of the carbyne as the radius of a conducting cylinder that generates an identical inductance to that of carbyne at the same electrical current. The magnetic flux of the classical conductor per unit length is evaluated by
where R is the length of the flux surface, r0 is the cylinder radius, and I is the current. With the magnetic field obtained above, the magnetic flux of the carbyne carrying a current I can be computed if R is given. We observe a linear dependence between and I of carbyne for various values of R = 10-100 Å. Although the slope varies as R changes, each of them leads to the same r0 by Eq. (8) . Accordingly, the effective radius of carbyne in terms of inductance is found to be reff = 1.196 Å. Chemical stability of carbyne. An important concern for any nanoscale material is its stability with respect to dimerization. 58 For carbyne, formation of cross-links between chains is a mechanism of degradation known from experiments, 11 and hence must be studied. Fig. 5 (a) shows a relaxed potential energy surface scan using the distance between C atoms in the middle of two carbyne chains as the constraint onto which the reaction coordinate is projected. To avoid introducing bias due to the cumulene/polyyne transformation during the cross-link formation, we used two chains with 2N and 2N + 1 atoms to simulate the reaction, so that both before and after the reaction there is exactly one chain with an (unfavorable) odd number of atoms in the system. We estimated an activation energy barrier of about Ea = 0.6 eV that is independent of the length of reacting chains (from 8 to 24 atoms) as well as of the dihedral angle formed by the chains. (The overall exothermicity of the reaction showed a weak decrease with the chain length; i.e., shorter chains have a stronger tendency to link.) This barrier suggests the viability of carbyne in condensed phase at room temperature on the order of days. 58 What will happen if two parallel long carbyne chains are brought into contact? Every cross-link formed will create local curvature, raising the energy of the system. We can estimate the maximum frequency of such cross-links using a simple geometrical model. Assuming all bond angles about a cross-link being 120° and the carbyne curvature between the links remains constant, the length of the arc between two cross-links is ( ) . The corresponding elastic energy is eV. This energy cost is offset by the gain from forming the extra bonds between the chains, which is about Ef = 0.25 eV/atom from Fig. 5 (a) . Using this value, we arrive at an estimate for Å, or about N = 5 atoms between the cross-links. Compared to the results of DFT calculations presented in Fig. 5 (b) , which predict an 8-atom threshold spacing, this is an underestimate that can be straightforwardly attributed to our model's ignoring the π-electron conjugation which is perturbed by the cross-links. Since the energy of conjugation interruption should also scale approximately as 1 /L, the general form of should still hold. In this case, it is easy to show that the equilibrium separation between kinks in an infinite system (one that minimizes the total energy per atom) is exactly twice the threshold separation (at which Ebend+π = Ef), and can be estimated from our DFT data as one cross-link per 17 atoms, or 21.8 Å.
Note the oscillating behavior of the DFT data points as the number of atoms between sequential cross-links switches between odd and even. It indicates that the atoms that make the cross-link form a double bond and thus are connected to the chain segments by single bonds, which is only possible to seamlessly integrate into the single-triple alternation pattern of polyyne when the number of atoms in between is even. In fact, odd-number systems are instable in the sense that if the unit cell is doubled, an N = 2M+1 system tends to reconstruct into a {2P, 2(M -P)} superstructure. An alternative that is favorable for shorter-period systems is to form a pair of adjacent cross-links, resulting in a square C4 unit (see Supplementary Information for details).
Our finding of a large (~2 nm) equilibrium cross-link spacing explains the experimental observations where single-zigzag-wide graphene nanoribbons show instability and split into pairs of atomic chains. 14 In summary, carbyne chains can be robust against cross-linking at not-too-high temperatures, and mechanical constraints can further prevent them from forming multiple bonds with each other.
Summary and conclusions
The comprehensive 'portrait' of carbyne that we have drawn can be formulated like this. It has an extreme tensile stiffness-stiffer by a factor of two than graphene and carbon nanotubes-and a specific strength surpassing that of any other known material. Its flexibility is between those of typical polymers and double-stranded DNA, with a persistence length of ~14 nm. It is equivalent to a continuum-mechanics rod of an extremely small diameter, 0.772 Å, and an enormous nominal Young's modulus of 32.7 TPa. Carbyne can be toggled from the free-rotating to torsionally stiff state by appropriate chemical functionalization (=CH2), in which case its effective shear modulus is about 11.8 TPa, and its formal Poisson's ratio is 0.386. Its band gap increases under tension from 3.2 up to 4.4 eV at a 10% strain, and it is reasonably stable chemically, with an activation barrier of 0.6 eV for cross-linking and an equilibrium link density of one per 2.2 nm (17 atoms) due to -electron confinement. This combination of unusual mechanical and electronic properties is of great interest for applications in nanomechanical systems, opto-/electromechanical devices, strong and light materials for mechanical applications, or as highspecific-area energy storage matrices.
Methods
The elastic property calculations and the GW calculations were performed with VASP 59,60 using the PBE 61,62 generalized-gradient exchange-correlation functional and a 400 eV plane wave cutoff. 12-Å cell spacing was used in the aperiodic directions to eliminate the interaction of periodic images of the system. Structural relaxation was performed until all forces were less than 0.01 eV/Å. Chemical reaction barrier was calculated using the CEP-121G* basis set 63 in Gaussian 09 64 (spin-unrestricted). The Hamiltonian and overlap matrix elements for quantum transport calculations were computed using SIESTA. 65, 66 
Supplementary Information
Determination of the tensile strength of carbyne. We used two methods to estimate the strength. Figure S1 (a-c) illustrates the evolution of phonon dispersions of carbyne (calculated with the finite-displacement method using the PHON software with a 12-atom supercell). At a 19% strain (c), imaginary frequencies appear (shown as negative), which marks the onset of the phonon instability corresponding to the upper limit of ideal strength of a material. (At the same time, the force vs. strain plot starts going down-not shown.)
The other approach is to treat bond breaking as an activated process. In the standard Arrhenius form, the bond-breaking rate is R = A exp[-Ea(ε) / kT] where Ea is the activation energy and A is the "attempt frequency" prefactor. A can be estimated based on the bond stretching phonon frequency, e.g., in Figure S1 (a), as 4×10 13 s -1 . Ea is computed using a supercell setup (24 atoms) where one of the bonds is incrementally stretched by Δd relaxing the positions of all other atoms to get a potential energy profile, as shown in Figure S1 (d). The resulting exponential decrease of Ea with strain is illustrated in Figure S1 (e). As a useful point of reference, Ea = 1 eV corresponds to a lifetime of about R -1 ≈ 1 day at room temperature. This occurs at a strain of 9%, corresponding to a force of 9.2-9.3 nN (inset). It should be noted that for a chain with N bonds, the prefactor is multiplied by N; another way to view this is to replace Ea with the free energy barrier ΔG * = Ea -kT log N. We see that this addition results in only a logarithmic correction in Ea, and since Ea is exponential in strain, the breaking strain and force change negligibly slowly with N (as ~log[log N]). Ambiguity of length in torsional stiffness definition. The torsional stiffness of a beam is defined by the product of its length L and the second derivative of energy in the twist angle. However, for carbyne chains with, e.g., =CH2 terminating groups it is unclear whether the C atom of the endgroup should be considered part of the "beam" or not. More generally, we can declare that L = L' + Δ, where L' is the distance between the outermost C atoms and Δ is a small adjustable fitting parameter. Fitting H = H0 + h/(L' + Δ) yields H0 =10.52 with a less than 2% deviation from the result reported in the main text. Reconstructions of odd-spaced cross-linked systems. Figure 5 of the main text shows that the cross-linked systems with odd numbers of atoms between the cross-links are unstable (due to bond-order alternation issues). There are several possible relaxation mechanisms in such systems, with their energies illustrated in Figure S4 . The simplest mechanism is the formation of an extra cross-link when the initial odd N = 4P + 1 can be split in two even-spaced intervals of 2(P -Q) and 2(P + Q). This type of transition is illustrated by blue hollow circles in Figure S4 , where the N = 5 system is converted into N = 2, and N = 7 into alternating N = 2 and N = 4 fragments. As it turns out, in both cases it is energetically more favorable to form the second cross-link next to the existing one, creating a square C4 unit, and for the N = 3 system this happens to occur spontaneously (yellow triangles). Finally, it is possible to form 2x superstructures by shifting every other cross-link one atom to the side, turning the 5555… system into 4646… and similarly for other even N. This process is shown by solid blue circles and gray arrows. Figure S4 
